Gastrointestinal (GI) anthrax is the most prevalent form of naturally acquired Bacillus anthracis infection, which is associated with exposure to vegetative bacteria in infected meat (carnivores) or to fermented rumen contents (herbivores). We assessed whether key host and pathogen factors modulate infectivity and progression of infection using a mouse model of GI infection. Gastric acid neutralization increases infectivity, but 30%-40% of mice succumb to infection without neutralization. Mice either fed or fasted before exposure showed similar infectivity rates. Finally, the pathogen's anthrax lethal factor is required to establish lethal infection, whereas its edema factor modulates progression and dissemination of infection.
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The clinical presentation of anthrax infection (inhalational, gastrointestinal [GI] , or cutaneous) depends upon the route through which the pathogen is acquired. Gastrointestinal anthrax is the most prevalent form in nature, occurring mainly in ruminant herbivores. It seems reasonable to hypothesize that transformation of ingested spores into the vegetative form in the rumen, followed by massive amplification during fermentation, could underlie increased susceptibility in ruminant herbivores. Vegetative Bacillus anthracis that escape gastric acidification would, in turn, be available to initiate intestinal infection. The role of vegetative bacteria in initiating infection is further supported by the occurrence of GI anthrax in carnivores (including humans [1] [2] [3] ), which results from consumption of fresh or undercooked infected meat that is almost certainly contaminated with vegetative bacteria rather than spores.
The susceptibility of bacteria to gastric acid is species-dependent [4] and had not been assessed for vegetative B anthracis in vivo. Furthermore, B anthracis produces toxin factors whose pathogenic roles during GI infection had not been explored. Three protein virulence factors act in concert to target key intracellular signaling pathways mediating a broad range of cellular functions and processes. Lethal factor (LF) and/or edema factor (EF) bind receptor-bound protective antigen (PA), which serves as a vehicle to transport LF and EF into the cytosol of target cells [2, 5] . Lethal factor is a Zn 2+ metalloproteinase that cleaves specific mitogen-activated protein kinase kinases (MKKs), and EF is an adenylate cyclase that elevates intracellular cyclic adenosine monophosphate [2, 5] . Administration of either lethal toxin ([LT] LF+PA) or edema toxin ([ET] EF+PA) causes damage to a wide array of tissues in mice, including the intestinal epithelium [6, 7] . In the present study, we used toxin factor-deficient B anthracis Stern strains (BaS) to investigate their pathogenic roles using our previously reported mouse GI anthrax model [8] . We herein report that, along with gastric pH conditions, LF and EF play distinct roles in modulating infectivity and disease progression during GI infection.
MATERIALS AND METHODS

Ethics Statement
Animal experiments were conducted under animal protocol no. WO-2011-16, which was approved by the US Food and Drug Administration, Center for Biologics Evaluation and Research Institutional Animal Care and Use Committee, in accordance with the US Public Health Service Policy on Humane Care and Use of Laboratory Animals (Assurance no. A4295-01).
Mice, Bacterial Strains, and Intragastric Challenge
Female A/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and were 9-12 weeks of age at the time of the experiments. The toxin-deficient B anthracis Sterne strains, including LF-deficient (ΔLF-BaS), EF-deficient (ΔEF-BaS), LFand EF-double-deficient (DKO-BaS), and the parent strain, B anthracis Sterne no. 7702 (WT-BaS), were kindly provided by Dr. Tod Merkel [9] . Unless otherwise specified, 1.75 ± 0.5 × 10 8 colony-forming units (CFUs) of vegetative bacteria were administered per mouse using single-use plastic feeding tubes as previously described [8] . Selected mice were fasted overnight and/or received intragastric sodium bicarbonate (8.5% [w/v], 50 µL) before intragastric challenge studies.
Enumeration of Bacillus anthracis in Intestine
Intestinal samples were harvested at predetermined time points after BaS gavage, placed in sterile 6-well plates containing 5 mL of phosphate-buffered saline (PBS), longitudinally opened with fine surgical scissors, and cut into <0.5-cm pieces. The intestinal fragments, together with contents of the intestinal tracts, were transferred to 50-mL tubes, shaken thoroughly by hand, and then serial diluted using PBS to various dilution factors before plating onto Brain Heart Infusion (BHI) agar plates. The plates were incubated overnight at 32ºC, and the BaS colonies were enumerated.
Histopathology Assessments
Tissues were fixed in neutral-buffered formalin. Paraffin sections were stained with standard hematoxylin and eosin or Brown and Brenn (B&B) staining techniques (Histoserv, Inc., Germantown, MD). Tissue section images (Pannoramic MIDI System) were examined by a board-certified veterinary pathologist.
Serum Antiprotective Antigen Antibody Enzyme-Linked Immunosorbent
Assay
Serum anti-PA antibody levels were measured using a commercial mouse anti-PA (PA83) total IgG ELISA kit (Alpha Diagnostic, San Antonio, TX). The assay was performed following the manufacturer's recommended protocol.
RESULTS
To assess the effect of gastric conditions on infectivity, we studied the development of GI anthrax in groups of A/J mice pretreated with various regimens before intragastric exposure with vegetative BaS. As shown in Figure 1A , sodium bicarbonate neutralization increased the lethal infection rate, because 85% of this group (Bicarb group, fasted) succumbed to GI anthrax infection within 6 days, whereas ~40% of mice without gastric pH neutralization died from infection. In contrast, mice gavaged after an overnight fast (No Bicarb, fasted) had approximately the same survival rates as those with overnight ad libitum food access (No Bicarb, fed). These findings were consistent with the conclusion that a substantial fraction of mice exposed to intragastric vegetative B anthracis develop GI anthrax infection in the absence of gastric acid neutralization, but gastric acid neutralization promotes infectivity. In contrast, the presence of intragastric food content has little effect on infectivity.
We next investigated whether the pretreatment conditions had differential effects on the number of BaS organisms that survived acidification in the stomach. First, we assessed the BaS bacterial loads in the stomach and adjacent small intestine 1 hour after gavage ( Figure 1B, left) . The numbers of BaS CFUs recovered from mice without sodium bicarbonate pretreatment were approximately 2 logs lower than those from mice pretreated with gastric acid neutralization. To further demonstrate that these vegetative bacteria had survived the gastric conditions, as well as downstream exposure to bile (shown by others to inactivate Bacillus cereus [10] ), we also measured the BaS CFU loads in the entire small intestine 4 hours after exposure ( Figure 1B, right) . Similar to results at 1 hour, the CFUs recovered from the gastric acid neutralized group averaged 1-2 logs higher than those recovered from either fed or fasted mice without gastric acid neutralization ( Figure 1B, right) . Taken together, these findings show a clear correlation between infectivity and vegetative BaS survival during and after gastric passage. Nevertheless, some vegetative BaS survive gastric acid conditions and are available to initiate intestinal infection.
In addition to host and environmental factors, we hypothesized that the pathogen's toxin factors might play a role in infectivity and progression in GI infection as well. To investigate this possibility, A/J mice were gavaged with various toxin factor-deficient strains (ΔEF-BaS, ΔLF-BaS, DKO-BaS). All mice that received either ΔLF-BaS or DKO-BaS survived without signs of infection through postgavage day 10, the predetermined time for termination of the experiment. In contrast, ΔEF-BaS administration resulted in lethal, blood culture-confirmed infections in 80% of mice, which succumbed to BaS infection 2-7 days postgavage ( Figure 1C ). Pathology associated with ΔEF-BaS infections was similar to that associated with WT-BaS infection (eg, disrupted barrier integrity and ulceration) [8] , but hemorrhage was a more prominent feature in ΔEF-BaS-treated mice (data not shown).
We previously reported that LT directly inhibits host immunity and causes intestinal mucosal damage in mice [5, 6] . To highlight the requirement of LF for GI anthrax infection in our model, mice were treated with a sublethal dose of LT and concomitant ΔLF-BaS or ∆EF-BaS by gavage. As shown in Figure 1D , all the mice treated with a sublethal dose of LT alone survived to the end of the experiment, whereas those treated with either ΔEF-BaS plus LT or ΔLF-BaS plus LT uniformly died due to the systemic infection within a narrow time frame between 36 and 48 hours postexposure (blood culture verified).
We also assessed B anthracis in intestinal tissues from ∆EF-BaS-or ∆LF-BaS-gavaged mice that were healthy-appearing at an earlier time point after exposure (48 hours postgavage). Numerous Gram + bacilli were present in the intestinal lumens of mice treated with either of the strains. However, although bacteria were present within the intestinal epithelial layer in ∆EF-BaS-treated mice with associated villous disruption (Figure 2A , left image), few were observed within the intact intestinal mucosae of ∆LF-BaS-treated mice (Figure 2A , middle image). The critical role of LF was confirmed further in experiments involving the exogenous administration of nonlethal doses of LT. Pathological analysis of the ΔLF-BaS-infected mice demonstrated that the sublethal dose of LT enabled the ΔLF-BaS to propagate within the lamina propria of intestinal villi (Figure 2A , right image). This finding was accompanied by villous edema, increased intervillous space, and congestion. Hemorrhage and mucosal disruption characteristic of WT-BaSand ΔEF-BaS-infected mice were present, but to a lesser extent (data not shown).
We also noted that distinctive patterns of dissemination to lung and heart tissues were evident in moribund ΔEF-BaScompared with WT-BaS-infected mice. Abundant bacilli were present in the lungs of WT-BaS-infected mice, whereas only a few were present in cardiac tissues ( Figure 2B , left panels). In contrast, numerous bacilli were present in the cardiac tissues of ΔEF-BaS-infected mice, forming large bacterial colonies. These bacterial accumulations in the heart were not present in WT-BaS-infected mice. In contrast, fewer Gram + rods were found in lung tissues of ΔEF-BaS-infected mice compared with WT-BaS-infected mice ( Figure 2B, right panels) .
Although ∆LF-BaS gavage did not establish lethal GI infection, it nevertheless induced host adaptive immune responses. Anti-PA antibody responses were detected in 5 of 8 serum samples from mice administered ∆LF-BaS, whereas anti-PA antibody levels in all untreated control mice were undetectable ( Figure 2C ). Previous studies involving experimental toxemia in mice have indicated that ET, similar to LT, is lethal and causes severe tissue damage to the GI tract [6, 7] . Nevertheless, ∆LF-BaS gavage failed to establish infection, suggesting that, in the absence of LF, the EF expressed by the ∆LF-BaS bacteria does not effectively dismantle the immune protection provided by the intestinal epithelial barrier. These findings imply a role for noninfectious BaS LF factor mutants as potentially safe oral vaccines to promote protective anti-PA immune responses.
DISCUSSION
An ideal experimental model of anthrax infection should mimic natural disease. Because spore formation requires the presence of free oxygen, the low oxygen environment inside most infected host tissues would suggest that the B anthracis organism is primarily in the vegetative form [2] . We therefore contend that it is reasonable to assume that exposure to vegetative forms (after consumption of undercooked meat from recently slaughtered, infected animals) underlies infection in many, if not most, cases of GI anthrax in carnivores, including humans. Moreover, digestion in ruminants involves bacterial fermentation in the stomach, where vegetative Bacillus species are reported to grow [11] . For this reason, we believe that our murine model of GI anthrax infection parallels natural infection. Indeed, mice exposed to vegetative bacteria in our model develop disseminated disease at infective doses similar to or lower than those involving spore exposures [12, 13] . Our results herein clearly show that the gastric acid barrier of the stomach and/or bile exposure is only partially effective in neutralizing vegetative B anthracis and that the level of gastric food content has little effect on infectivity.
Furthermore, we demonstrated the utility of our model to identify several pathogenic mechanisms that underlie establishment and progression of infection. First, LF is required to overcome the GI barrier, allowing bacterial propagation in the submucosa, leading to epithelial ulceration and hemorrhage. Our finding that an LF-deficient strain does not propagate in the submucosa or disseminate yet causes a systemic immune response, favors a model in which LF thwarts protective immune responses against bacteria that have invaded the epithelial layer. More importantly, our results demonstrating anti-PA responses in ΔLF-BaS-exposed animals suggest the possibility that a toxin-deficient oral vaccine could provide immune protection, which has promising implications for outbreak management.
It is notable that ET has been reported to cause GI tissue damage and immune suppression [7, 14] , but is not sufficient to promote GI infection in the absence of LF. Nevertheless, our findings demonstrate a role for EF in modulating dissemination into distant tissues, including the heart and lungs. Of note, it has been reported that toxin-competent BaS or a ∆LF-BaS mutant, but not a ∆EF mutant, cause disruption of brain microvascular endothelial cell monolayer integrity in a human cell-based in vitro infection model [15] . Taken together, these findings support a model in which LF is required to overcome the GI barrier, whereas EF serves to modulate tissue dissemination. Understanding the unique pathogenic roles of anthrax toxin factors is fundamental to designing improved treatment and immunization strategies. 
